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During this program, we significantly advanced the state of the art in five areas.
e Molecular Beam Epitaxy of ZnTe layers on GaSb substrates
e Molecular Beam Epitaxy of ZnSeTe layers on GaSb substrates
e Molecular Beam Epitaxy of HgCdSe layers on composite Si/ZnTe substrates
e Luminescence imaging techniques for dislocation determination,
e Demonstrating cathodoluminescence out to 5.5 um on various IR materials

Much of this work has been published. The HgCdSe work is the subject of a doctoral
dissertation that has been accepted. For details, we refer the reader to the prior interim
reports, the manuscripts and the dissertation that have uploaded as part of this and prior
reports. In this section of the report, we summarize highlights of the accomplishments.

1. MBE of ZnTe

During Year Two, we had deposited layers of ZnTe with various thicknesses on (211)B
GasSb substrates. This orientation was chosen in anticipation of the use of a GaSh/ZnSeTe
composite substrate for MBE of HgCdSe. We interpreted the dramatic reduction in the
FWHM value of Bragg x-ray reflections with thickness as an indication that relaxation of
the lattice parameter took place for thicknesses in the range 350nm to 375 nm. We
associated this value with the critical thickness value h. that is a characteristic of
heteroepitaxial systems.

During Year Three, we extended our examination of the ZnTe/GaSh system to layers
deposited on GaSb with the (100) orientation — an orientation widely used for
optoelectronic applications. The same abrupt change in x-ray FWHM values occurred for
this system, but at a thickness in the range 350nm — 375nm, values 100nm less than those
for the (211) orientation.

In response to suggestions from reviewers of a manuscript that we submitted with the
(211) results, we brought additional experimental techniques to bear on this problem. We
chose the techniques of cathodoluminescence, confocal photoluminescence, and
transmission electron diffraction (TEM). These are imaging techniques. For other
semiconductor materials, dark spots in luminescence images have been correlated with
the emergence of dislocations at the surface of a sample. Certain dark lines in
transmission electron micrographs are known to be associated with dislocations. Thus
any dislocations in the ZnTe layer are directly imaged. Images from these techniques
show dislocations forming in ZnTe layers as thin as 150nm.

We reconcile the formation of dislocations at 150nm and the advent of plastic
deformation at 350nm by recourse to the concepts of dislocation generation and
dislocation multiplication.

An extensive discussion is given in the manuscript entitled Determination of Critical
Thickness for Epitaxial ZnTe Layers Grown by Molecular Beam Epitaxy on (211)B and
(100) GaSb Substrates, a copy of which is appended to this report.



2. MBE of ZnSeTe

During Year Two, by following the peak position in x-ray diffraction spectra he had
demonstrated that the alloy composition could be controlled by adjusting the ratio of Se
to Te in the molecular beams incident on the substrate.

During year 3 we supplemented these x-ray results with images of the surface using
atomic force microscopy, scanning electron microscopy, and micro photoluminescence.
RMS roughness values of 1.1nm are higher than those for the binary ZnTe endpoint.
However, for ZnSeTe layers that are closely lattice matched to the GaSb substrate, the
density of dark spots in pPL images is as low as 7 x 10% cm™. These values are grounds
for optimism that the GaSh/ZnSeTe composite system will be an excellent substrate for
deposition of HgCdSe. By way of comparison, CdZnTe wafers that are the baseline
substrate for HgCdTe epitaxy in the US IR industry have a dislocation density
specification of mid 10* cm™.

An extensive discussion of these results is given in the manuscript entitled Growth of
Lattice-Matched ZnTeSe Alloys on (100) and (211)B GaSb and in the presentations
entitled Comparison of Cathodoluminescence, Imaging Micro-Photoluminescence, and
Confocal Photoluminescence Microscopy for Determination of Defect Densities in
Semiconductors. Copies of both are appended to this report.

3. MBE of HgCdSe

Prior to this ARO program, typical electron concentrations for both bulk and thin film
samples of HgCdSe were between 10*" and 10 cm™®, with some samples containing
concentrations as high as 10%° cm™. These high electron concentrations persisted at lower
temperatures, showing little temperature variation below 100K. For IR pv diode
detectors, target value for electronic background level is 5 x 10 cm™.

During Year Two of this program, we had achieved background electron concentrations
of 1 x 10" cm™.

During Year Three, we carried out an intensive investigation of defects in these layers
with an eye toward identifying those that are responsible for the high electron
concentration. Composite GaSh/CdSeTe substrates with acceptable properties were not
available at the beginning of Year Three. What was available was a Si/ZnTe composite
that had been highly developed at Army Research Laboratory over a period of many
years. This substrate was used for all HgCdSe work during Year Three. Growth rate,
composition, and surface quality were evaluated for various MBE parameters. Two types
of cell were used for Se evaporation — an effusion cell containing 5N purity material that
produced a flux that consisted mainly of the species Seg and a disassociation source
containing 6N purity material that could be operated in temperature regimes that
produced mainly Se, or mainly Seg species. For a given substrate temperature and Hg
overpressure, the growth rate was controlled by the Se flux and the x-value was
controlled by the Cd/Se flux ratio. Growths under Hg-deficient conditions produced
“needle” and “diamond”- shaped defects at the layer surface. The optimal substrate
temperature was found to be 90-110 °C for growths performed with the Seg flux from the
effusion cell and a standard Hg flux of 2.5x10 Torr.

A time-honored technique for filling host-atom vacancies in MBE layers is to anneal the
layers in an ambient of a host atom. For HgCdTe, for example, annealing layers in a



mercury ambient is found to fill Hg vacancies that remain after the MBE process. During
Year Three, we carried out an extensive study of the effects of annealing HgCdSe layers.
Positron annihilation spectroscopy measurements were carried out. These suggest the
presence of p-type mercury vacancies in Hg;xCd,Se samples both as grown and after
annealing under an Se overpressure. Temperature-dependent Hall measurements of
annealed samples suggest two donor energy levels: one in the band gap with ionization
energy of ~40 meV that produces an electron concentration of ~8 x 10* cm™ at 300K,
and one in the conduction band with a concentration of ~2 x 10*® cm™. The former could
originate from Se vacancies that act as donors, while the latter is now thought to correlate
with impurities in the Se source material.

The lowest value measured for electron concentration was 8 x 10* cm™. Thus we have
made a great stride toward the target value for IR detectors.

A prerequisite for achieving high responsivity values for pv diode IR detectors is a high
minority carrier lifetime in the absorber layer. Near the end of Year Three, we carried
out photoconductive decay measurements on HgCdSe layers to determine the lifetime.
All samples were given an anneal for twenty-four hours. Lifetime was found to depend
strongly on the species in the ambient during this anneal. If Se was present in the
ambient, the photoconductive decay could be fit by a simple exponential function. The
longest lifetime value obtained to date was on the order of 300 ns.

An more extensive account of these experiments and results can be found in the
manuscript entitled HgCdSe for Infrared Detection and in the doctoral dissertation
entitled Development of Hg;CdxSe for 3™ Generation Focal Plane Arrays using
Molecular Beam Epitaxy, a copy of which is appended to this report.

4. Luminescence imaging technology

The RoA product for pv diodes is found to decrease as the density of defects such as
dislocations increases in the absorber layer. This correlation is so strong that layers are
screened prior to entry into device processing according to their dislocation density.
Historically, chemical etchants have been developed that produce pits at the surface of a
layer. Each pit corresponds to the emergence of a dislocation that threads through the
layer to the surface. Unfortunately, no universal etchant has been developed. Each
material and each crystallographic orientation of each material requires a unique etchant.
No such etchant exists for HgCdSe or CdSeTe. It is important to develop an alternative
to chemical etching for the determination of dislocation density.

In the interim report for Year Two of the ARO program, we described our application of
the cathodoluminescence (CL) technique to determination of dislocation density. When
CL is used for delicate semiconductor materials, care must be taken to maintain low
current density for the stimulating electron beam to avoid damaging the sample surface.
During Year Three, we extended our luminescence imaging technology by introducing
two imaging techniques where luminescence is stimulated by a laser whose power
density can be kept low enough to avoid damage. These are photoluminescence (PL) and
confocal photoluminescence (cPL). We have utilized both techniques to acquire images



from ZnTe layers deposited on GaSb substrates and, by counting dark spots, have arrived
at values of dislocation density for these layers.

An extensive account of the microscopy and the results can be found in the presentations
entitled The Use of Confocal Photoluminescence Microscopy for Determination of Defect
Densities in Various I1-VI Semiconductors, Comparison of Cathodoluminescence,
Imaging Micro-Photoluminescence, and Confocal Photoluminescence Microscopy for
Determination of Defect Densities in Semiconductors, and Comparison of
Cathodoluminescence, and Imaging Micro-Photoluminescence and Confocal
Photoluminescence Microscopy for Determination of Interfacial Defect Densities in
Semiconductors, copies of which is appended to this report. Where applicable, we have
conclusively demonstrated that cPL is by far the best technique.

5. Investigate the technique of cathodoluminescence (CL) for various IR layers such
as SLS layers

CL is non contact and non invasive. Luminescence generated by the electron
beam in an SEM can be detected and images of luminescent intensity can be
constructed by rastering the beam across a sample. Dislocations that intersect the
surface strongly reduce the intensity of the intrinsic luminescence. Spectral
distributions of CL intensity show peaks at energies corresponding to the band gap
of the material. For wide bandgap materials such as CdTe and ZnTe, detectors and
optical systems s are readily available. For narrow bandgap materials such as InAs,
GaSb/InAs SLS, HgCdTe, or HgCdSe, this is not the case. Only a small number of
systems even extending to about 2 um are known to be operational in the world.

The bandgap of LWIR material is 0.1 eV. Any CL apparatus for use with this
material must have mirrors and a detector that are appropriate for wavelengths as
long as 12um. Texas State University has designed and built an instrument for
acquiring CL images and therefore dislocation density estimates for wafers and
epilayers with bandgaps as low as 0.1 eV. We worked with Gatan, and have
developed a unique IR CL system which is currently the only one of its kind in the
world. It has the following features:

- High collection efficiency, precision diamond turned parabolloidal ir mirror.
~75% of all light is collected compared to 1-5% typical of CL and Pl systems

- High transmission efficiency infrared optics for measurement out to 12 um

- Visible (250-930 nm PMT), NIR (InGas 2.2 um), MWIR (InSb) and LWIR
(HgCdTe) detectors

- Direct optical coupling to chamber mounted monochromator

- Simple mirror switching allows light to transmit through monochromator, or
bypass straight to the appropriate detector

- Fast beam blanking and detectors allows transient CL measurement with >
50 nS decay times, with the potential to allow direct mapping of lifetime
across a sample.



CL is measured using a Jeol 6400 scanning electron microscope (Fig. 1) with a
modified Gatan MonoCL 4 system (Fig. 2). This is the only known system that has
been modified with IR optics compatible to 12 um operation, enabling new
metrology for III-V CMOS relevant metrics. For this program, NIR and MWIR
detection were accomplished using a high sensitivity GaAs photomultiplier tube
(250-950 nm), an InGaAs detector (2.2 um), and a Judson Teledyne single element
InSb detector operating at 80K (5.5 um), respectively (Fig. 3). The MWIR signal was
measured using a lock-in amplifier, with a Deben beam blanker modulating the
electron beam incident on the sample. This allowed separation of the dc IR
background from the ac CL signal while phase sensitive detection increased
detectivity by 1000X. Both spectral and imaging (monochromatic or panchromatic)
CL can be obtained from samples. The SEM was equipped with a cold stage allowing
samples to be cooled to 80K.
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Fig. 1. Photograph of Jeol 6400 Fig. 2. Gatan MonoCL 4 system Fig. 3. Responsivity of GaAs
scanning electron microscope equipped showing light path. A high efficiency photomultiplier tube, InGaAs detector,
with a modified Gatan MonoCL 4 parabolic  light collection  mirror and a Judson Teledyne single element
system. The principal components are collects the CL and transmits InSb detector. As an example, the inset
labeled: PMT, InGaAs and InSh collimated light either directly to a shows a CL panchromatic image of 500
detectors, monochromator, cold stage detector (panchromatic mode) or, using nm relaxed InAs layer grown on GaAs
(internal) and beam blanker.  The retractable mirrors, passes through a acquired at 3 um. Non-radiative
system is equipped with a load lock. monochromator ~ with  switchable features (dark spots) are indicative of

gratings for the appropriate wavelength dislocation clusters.

range.

The following figures consist of data collected with the CL system demonstrating its
utility in the MWIR. We are actively working to push the detection out to the LWIR
as one of the goals of this project.



Figure 4 illustrates the CL
collected from a SLS mesa
detector structure. The
center consists of a metal
contact, with the
surrounding top layer
nominally 3-um cutoff while
the base is nominally 5-pum.
No signal was observed from
the metal, as expected, and
CL from the mesa to and
base region were clearly
observed. There was no
evidencg of r_10n-radiative SEM (Ieft) and
defects in this measurement, 3

but two observations are CL (”ght) ofa
pertinent. First, the darker mesa diode
region on the lower figure structure
was not a measurement
artifact, and the contrast
became more pronounced

with lower accelerating Fig. 4 SEM and CL Measurement of a mesa heterojunction

voltage (more near-surface detector based based on SLS.
collection). Second, we

could not observe any CL in

the base region for accelerating voltages less than 10 keV, suggesting there is a
significant “dead layer” in this unpassivated etched sample. Both observations
suggest that the CL measurement is sensitive to surface recombination, with the
former feature perhaps being related to a difference in surface etching. The latter
indicated that CL will be useful in assessing the efficacy of surface passivation and
its influence on quantum efficiency.

The dead layer in the etched samples reduced the CL signal and made data
collection time intensive. We also looked at two so-called “PL Structures” where
heterojunctions were used to reflect carriers from the surfaces and minimize
surface recombination. The brighter CL allowed spectra data collection and many
more images to be collected. Figure 5 and Figure 6 illustrate the spectral CL
obtained from these samples, while Figures 7 and 8 illustrate non-radiative defects
observed in the two samples. Figure 9 shows an image suggestive of a dark-line
defect. Overall the defect density was found to be in the 105 cm2 or lower range in
the three samples investigated with isolated clusters of high density. Undoubtedly
the defects and clusters observed would be deleterious for device operation. CL
imaging will prove a valuable diagnostic tool for SLS-based FPA development.
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Fig, 5. Spectral CL collected
from a nominal 3-um PL
structure.

Fig. 7 CL image showing a
typical defect distribution
observed in a nominal 3-um PL

Fig. 9 CL image showing a
defect feature in a nominal 3-
um PL structure reminiscent of
a so-called “dark-line defect”.
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Fig, 6. Spectral CL collected
from a nominal 5-um PL
structure.

Fig. 8 CL image showing a
defect cluster a nominal 5-pum
PL structure.









